We report fully six-dimensional potential surfaces for ArHCN by using the energy switching method. They are valid for all energy regimes and hence suitable for studying the dynamics of a wealth of processes, ranging from the dissociative reaction Ar q HCN ™ Ar q H q CN to the rovibrational spectroscopy of the ArHCN van der Waals molecule. Calculations of rovibrational energies with J s 0 through J s 6 arising from j s 0 to j s 1 levels of HCN are also presented. q 1998 Elsevier Science B.V. All rights reserved.
Introduction
The rovibrational spectra and dynamics of the ArHCN van der Waals molecule has been much w x w studied experimentally 1-8 and theoretically 4,9-x 12 . Experimentally, all studies have essentially provided information only about the angular part of the Ar-HCN potential energy surface. Specifically, from measurements of pure rotational transitions in the Ž . w x ground state S of ArHCN, Leopold et al. 1 0 suggested that the complex has a global potential minimum at the linear hydrogen bonded configuration and an additional minimum at the T-shaped configuration. These studies combined with subsequent measurements on the excited bending states Ž . w x S and P of ArHCN by Drucker et al. 6 are 1 1 believed to be sufficient to reflect unambiguously Ž . virtually the entire angular coordinate u along the w x radial minimum of the potential. An attempt 13 has ) Corresponding author. Fax: q351-39-827703.
also been made to fit measured data, although no fit has thus far been reported, to an empirical function which considered all the available spectroscopic measurements. Indeed, a fit of a potential energy Ž . surface potential function to the available spectroscopic data alone may not even be possible due to the large uncertainties still existing in the stretching frequencies. Thus, no general consensus on the experimental potential energy surface of ArHCN seems w x to exist 10 .
Ž . Theoretically, the large dimensionality 6D of the title system and the need for using highly correlated ab initio methods and large basis sets to obtain accurate energies, makes such studies quite challenging. To our knowledge, only two ab initio studies have been reported in the literature, namely the w x CEPA-1 calculations of Clary et al. 9 and the MP4 w x calculations of Tao et al. 10 . Both sets of calculations predict the absolute minimum of the ArHCN potential energy surface to occur at linear geometries with the Ar atom at the H side of HCN but differ 0009-2614r98r$ -see front matter q 1998 Elsevier Science B.V. All rights reserved.
Ž . PII: S 0 0 0 9 -2 6 1 4 9 8 0 1 1 5 9 -2 ( )markedly on details concerning the variation of the energy with u. An electrostatic potential for the region close to the collinear Ar-HCN configuration w x has also been presented by Klots et al. 4 . This predicts the absolute minimum to occur at u s 168, and a barrier of 3 cm y1 to a broad linear minimum. All the above theoretical potentials have been used for spectroscopic studies with very encouraging re-Ž . sults see below . Of course, in spite of the level of accuracy achieved by ab initio theories, there are potential errors that cannot be eliminated without consideration of the full 6D potential energy surface, i.e. of the intramolecular vibrations.
We have reported a global potential energy surw x face 12 for the title molecule which has been obtained by summing the pair-potentials involving the Ar atom to a double many-body expansion Ž . w x DMBE potential function 14 for HCN. Such pair potentials have been represented by extended Ž . Hartree-Fock EHFACE2 curves which are commonly used within the general DMBE strategy for Ž potential energy surfaces. Thus, it has been and will . be heretofore denoted as the ArHCN DMBE potential energy surface, although three-and four-body terms involving the Ar atom have been neglected. This fully 6D potential function has been employed w x in the same paper 12 for a detailed dynamics study of the dissociation reaction Ar q HCN ™ Ar q H q CN, with the calculated thermal rate constant being found to be in fairly good agreement with the available experimental data. Unfortunately, the DMBE potential energy surface is unable to predict spectroscopic data for the ArHCN van der Waals molecule in satisfactory agreement with the available measurements. On the other hand, simple forms based on fits to accurate ab initio energies using a Legendre analysis terminated at the first few anisotropic terms can yield spectroscopic properties for ArHCN in fairly good agreement with the experimental data. One w x such a form has been reported by Clary et al. 9 and a more recent potential function which employs cu-Ž . bic splines to interpolate the calculated R, u data w x has been published by Tao et al. 10 . However, a fit to ab initio energies employing the functional form w x of Clary et al. 9 is easier to make than with the w x seminumerical potential utilized by Tao et al. 10 and hence such a form will also be used here. Unfortunately, it proved unsuccessful in fitting the w x data of Tao et al. 10 due to the peculiar variation of their surface with u for a fixed radial distance and hence precluded us from attempting a similar study using their more recent ab initio information.
In summary, at the present state of knowledge, the ideal potential energy surface for the ArHCN molecule would therefore be one that combines the global DMBE form with a Legendre-type analysis Ž w x or a form similar to that used by Tao et 
where R is the collective variable of the six internuclear distances. In turn, the pair-potentials assumed w x the EHFACE2-type form 19 optimized to obtain a satisfactory representation of the ArHCN van der Waals potential well. Moreover, the short-range Hartree-Fock energy has been chosen to have the Born-Mayer form
HF with the parameters A and b being fitted to ab initio w x Hartree-Fock energies 12 . In addition, the dynamical correlation energy has been modelled semiempiricaly by the damped dispersion series expansion
where C are the dispersion energy coefficients and In turn, A and B are defined by A s a n ya 1 and 
where the second term is an ab initio atom-rigid triatom potential function similar to that of Clary et ™ w x al. 9 ; R is the vector that joins the argon atom to the center of mass of the HCN molecule and u is the angle of orientation of this vector with respect to that
Ž . r defined by the HCN axis. In turn, P cos u is a n Legendre polynomial and
Ž . with x R being the atom-atom dispersion damp-6 Ž .
Ž . ing function defined in Eq. 6 ; R is in bohr a . freedom. Thus, R in Eq. 8 is a collective variable of only five coordinates since the van der Waals potential form assumes a rigid triatomic HCN molecule. In spite of this, the results reported below show that the ES approach warrants a smooth transition from the low-energy regions, where the van der Ž X . Waals potential V R is valid, to the high-energy 2 Ž . regions where V R is expected to dominate and 1 provide an acceptable representation of the true ArHCN potential energy surface. We further observe that the radial part of the van der Waals potential has the standard form of a polynomial multiplied by an exponential for the short-range term and a damped attractive R y6 term for the long-range part. This w x differs from the form used by Clary et al. 9 only in the dispersion damping functions, which we have Ž . assumed to be given by Eq. 6 with the scaling parameter fixed at r s 17.62 a . Thus, r has been 0 approximated under the assumption that HCN may ( )be replaced by the corresponding isoelectronic atom, i.e. Si. Although this may be questionable, we have ignored the u dependence of r. Moreover, we have jointly treated the leading coefficients of the induction and dispersion series expansions, which characterize the Ar PPP HCN van der Waals interaction and are known to vary as R y6 .
Results and discussion
Ž . To determine the 35 parameters in Eq. 9 , we have performed three distinct fits. In fit I we have w x employed the standard Lavenberg-Marquardt 21 method to minimize the sum of the squared deviations and used as input data the 98 CEPA-1 energies w x reported in table 2 of Ref. 9 . Table 1 gives the numerical values of the least-squares coefficients obtained in this way. Clearly, this fit gives an excellent representation of the ab initio energies: the root mean squared error is only rmsd s 0.22 cm y1 and for all fitted points is the error no larger than 1 cm y1 .
Fit II consisted of a least-squares fit to the same 98 ab initio CEPA-1 energies but subject to the constraints imposed from the requirement that the deviations relative to some selected observed frequencies which are reported in Table 2 0.001 cm y1 for energy levels up to a total angular momentum of J s 6, which concerns us most in the present work. Returning to the least-squares approach, the minimization of the sum of squared Ž deviations which includes those relative to the 5 selected experimental rovibrational frequencies, all . for J s 0, 1 has been carried out using the Metropolis Monte Carlo method. Thus, the BOUND code has been treated as a subroutine which is called by the main least-squares program at the various iteration steps during the minimization procedure. A weight of 10 3 has been assigned to each fitted frequency during the minimization procedure whereas every ab initio point carried a unit weight. It should be emphasized that, except for the J s 0, 1 frequencies, all others have not been adjusted and hence may serve as data for testing the quality of the fitting procedure. Such a procedure led to a decrease of the rmsd referring to the frequencies, which diminished from 0.89 cm y1 for fit I to a value of 0.11 cm y1 . To improve this result further, the weights of the fitted frequencies were then raised to 5 = 10 4 , and the minimization allowed to continue until the rmsd of the calculated frequencies attained a value 0.02 cm y1 . As expected, the quality of the fit with respect to the ab initio points deteriorated slightly, with the rmsd s 2.39 cm y1 in fit II. While testing the function obtained in fit II, we w x have observed that the experimental 6 properties ² Ž .: ² Ž .: P cos u and P cos u for the S and P states were not well reproduced. Such properties characterize the angular u distribution of the rovibrational wavefunctions and hence are believed to be w x sensitive to the potential anisotropy 10 . This negative result led us to conclude that a fit of the ab initio w x energies of Clary et al. 9 , subject only to the constraints provided by the above-mentioned 5 frequencies, was not sufficient to obtain an accurate description of the ArHCN interaction potential. In an attempt to remedy this problem, fit III included as a further constraint that provided by the experimental ² Ž .: P cos u values. The corresponding deviations 2 relative to this property have then been assigned a least-squares weight of 5 = 10 5 , while all other fitted data carried the weights assigned in fit II. Although some improvement has been achieved, the procedure could not proceed without leading to further deterioration in the quality of the fit with respect to the ab initio energies and frequencies; the separate rmsd with respect to the ab initio energies, frequencies and ² Ž .: P cos u properties are in fit III 4.18, 0.05, and 2 0.09 cm y1 , respectively. Since none of the fits may be judged to be exempt from some deficiency, we give the values of the least-squares coefficients in Table 1 for fits II and III also. Using the above three fits to the van der Waals part of the potential energy surface, we then obtained the corresponding ES potential energy surfaces. Because all ES potential functions have rather similar topographies, we show for comparison in Fig. 1 only a perspective viewrcontour plot of the ArHCN Ž . Ž . DMBE in Fig. 1a and ES III in Fig. 1b potential energy surfaces for an Ar atom moving around an HCN molecule fixed at its linear equilibrium geometry. As can be seen from Figs. 1 and 2 , the ES III potential energy surface shows a minimum interaction energy which is slightly shallower than that predicted by the ab initio calculations and ES I, namely V sy85.0 cm y1 at R s 8.75 a and m m 0 u s 08. Indeed, in comparison with the correspondw x Ž ing DMBE plot 12 , the ES III potential function as . well as ES I and ES II of the present work show considerable differences concerning the well depth and anisotropy of the van der Waals well. This is especially visible from Fig. 2 , which compares the w x DMBE 12 and ES III potential energy surfaces for Ž . cuts on Fig. 1 corresponding to u s 08 Fig. 2a , Fig. 2b , and u s 1808 Fig. 2c . These plots serve also to illustrates how the ES approach works. Clearly, the ES potential forms can be quite Ž . smooth if E and g in Eq. barrier and minima for bent geometries, all ES surfaces predict a very shallow minimum at the N side. All such attributes so far have no experimental confirmation. Fig. 3 compares the approximate minimum en-Ž ergy path which has been obtained by calculating the minimum energy along rays for different values . of u of the three ES potential energy surfaces for the variation with the u angle. Clearly, the effect of having included the experimental frequencies and ² Ž .: P cos u properties on the least-squares fits had 2 important consequences on the topography of the potential energy surface, namely on the high and width of the barrier which separates the two relative minima at u ; 608 and ; 1108. Moreover, although w x Fig. 2 . Comparison of the DMBE 12 , and ES III potential energy Ž . Ž . surfaces for cuts in Fig. 1 corresponding to: a u s 08; b Ž . u s908; and c u s1808.
² Ž
.: ² Ž .: the values of P cos u and P cos u are rea- states of ArHCN. Indeed, the topographical features occurring between 608 and 1208 may have an important role on the extent of tunnelling and hence explain the different spectroscopic properties of three otherwise rather similar ES potential energy surfaces. This seems to suggest that the u-dependence of the true potential energy surface may have to deviate from that of the original ab initio curve of Clary et w x al. 9 before further progress can be made, a conclusion which supports to some extent that of Tao et al. w x 10 . Thus, no further attempt at improvement was judged to be warranted at this stage.
A quantitative analysis of the various ES potential energy surfaces is provided in Tables 2 and 3 . Specifically, Table 2 compares the calculated frequencies with the experimental ones, and other theow x retical results 9,10 . The agreement with experiment is seen to be good, in particular for the nonfitted frequencies corresponding to J s 2-6. In fact, the calculated rmsd for all frequencies reported in Table  2 To conclude this section, we comment briefly on studies of the reaction Ar q HCN ™ Ar q H q CN and Ar q HCN energy transfer process which have been carried out using the quasiclassical trajectory Ž . w x QCT method 25 and the ES potential energy surfaces from the present work. Because such calculations have duplicated in all respects those previously reported using the ArHCN DMBE potential energy surface, no details are deemed necessary to be given here. In fact, as might have been anticipated, only minor deviations have been observed at extremely low collisional energies, although they lie 
Concluding remarks
We have reported realistic global potential energy surfaces for ArHCN by the ES method. They have been obtained by merging a DMBE potential energy surface, which behaves correctly at all dissociation limits, with Legendre type analysis, which reproduces the properties of the ArHCN van der Waals molecule. Their quality has also been assessed through calculations of rovibrational levels for the ArHCN van der Waals molecule and reactive dynamics calculations. Although we emphasize that significant errors may still persist in the description of the van der Waals interaction, the ES III potential energy surface reported in this Letter is, to our knowledge, the only existing potential energy surface capable of reproducing accurately both the kinetics of the reaction Ar q HCN ™ Ar q H q CN and the rovibrational spectroscopy of the ArHCN molecule. Given the orders of magnitude difference between the energies relevant for studying such processes, the ES method has also revealed itself as the only affordable scheme capable of yielding an accurate potential energy surface which encompasses both such energy regimes.
